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Chapter 3

Protonation of the chromophore in the
photoactive yellow protein∗

The photoactive yellow protein (PYP) acts as a light sensor to its bacterial host: it responds to light
by changing its shape. After excitation by blue light, PYP undergoes several transformations and
partially unfolds into its signalling state. One of the crucial steps in this photocycle is the proto-
nation of p-coumaric acid after excitation and isomerisation of this chromophore. Experimentalists
still debate on the nature of the proton donor and on whether it donates the hydrogen directly
or indirectly. To get better knowledge on the mechanism, I study this proton transfer using Car-
Parrinello molecular dynamics, classical molecular dynamics and computer simulations combining
these two methods (quantum mechanics / molecular mechanics, QMMM). The simulations repro-
duce the chromophore structure and hydrogen bond network of the protein measured by X-ray
crystallography and NMR. When the chromophore is protonated, it leaves the assumed proton
donor, Glu46, with a negative charge in a hydrophobic environment. I show that the stabilisation
of this charge is a very important factor in the mechanism of protonation. Protonation frequently
occurs in simplified ab initio simulations of the chromophore binding pocket in vacuum, where
amino acids can easily hydrogen bond to Glu46. When the complete protein environment is in-
corporated in a QMMM simulation of the complete protein, no proton transfer is observed within
14 ps. The hydrogen bond rearrangements in this time span are not sufficient to stabilise the new
protonation state. Force field molecular dynamics simulations on a much longer time scale show
which internal rearrangements of the protein are needed. Combining these simulations with more
QMMM calculations enables me to check the stability of protonation states and clarify the initial
requirements for the proton transfer in PYP.

3.1 Introduction

Light governs some of the most important processes in life and does this, as with most
biological processes, with proteins. The photoactive yellow protein (PYP) is such a light-
sensitive protein, acting as a blue light sensor in the bacterium Halorhodospira halophila.1 Ex-
citation triggers a series of events that eventually leads to a negative phototactic response.

∗This chapter is based on “Protonation of the chromophore in the photoactive yellow protein” - Elske J.M.
Leenders, Leonardo Guidoni, Ursula Röthlisberger, Jocelyne Vreede, Peter G. Bolhuis and Evert Jan Meijer, J.
Phys. Chem. B, 111 (14), p. 3765-3773, 2007.
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As it is small and readily available, PYP has been studied extensively, using numerous
experimental and computational techniques.1, 6–17, 25, 26, 68 In the 125-amino acid protein, a
deprotonated and negatively charged p-coumaric acid (pCA) is attached to Cys69 with a
covalent thioester bond. Upon excitation, this chromophore trans-cis isomerises (see fig-
ure 3.1), leading to a chain of reactions. One of the steps in this process is a proton transfer,
most likely from Glu46, to the deprotonated chromophore.23, 24 Within milliseconds after
the isomerisation, the protein unfolds into its signalling state.25 The photocycle of PYP is
similar to that of rhodopsin, the protein in our eyes responsible for vision:3 a chromophore
covalently bonded to the protein is excited and rotates over a double bond. After this
isomerisation, a proton transfer reaction can occur and the protein changes its structure.
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Figure 3.1: a) The chromophore, hydroxycinnamic or p-coumaric acid (pCA), in its ground state
conformation. The double bond in the tail has a trans configuration. When pCA is bonded to the
protein, the OH of the acidic group is replaced by the sulfur of Cys69, forming a thioester bond.
b) The cis state of pCA, after excitation and isomerisation. The atom numbers are used in figures 3.3
and 3.4.

Using UV-vis spectroscopy, several intermediates are identified along the photoreac-
tion pathway of PYP. This starts with the ground state, pG. After isomerisation the protein
visits a red-shifted state, pR, followed by the blue-shifted signalling state, pB, after pro-
tonation and partial unfolding. Experiments show that pCA is deprotonated and Glu46
protonated in the pG and the pR state, whereas the protonation states for these groups
are reversed in the pB state: in the signalling state, pCA is protonated, Glu46 has lost its
proton and is now carrying the negative charge.23, 24, 26 Little is known on which interme-
diates are involved in the transition of pR to pB. The transition from pG to pR occurs on a
nanosecond timescale and only affects the chromophore and its immediate surroundings,
whereas the process of protonation and unfolding to pB takes milliseconds and involves
the entire protein. The exact mechanism remains unclear, as the different time and length
scales make experimental and computational investigations difficult.

Unlike rhodopsin, which is membrane-bound, PYP is a small water-soluble protein.
It is easier to capture and process, which results in a wealth of high resolution structural
information. In addition, PYP is a relatively compact protein, which makes it well-suited
for computational studies. The isomerisation of the chromophore has been described in
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a number of computational studies; interesting is the work by Groenhof et al.8–10 and
by Sergi et al.11 Sergi performed quantum chemical geometry optimisations of the chro-
mophore in different charge states. His very accurate structural results are used in this
work for validation purposes. He studied the chromophore during the isomerisation in
vacuum and inside a model protein environment and calculated the energy barrier for this
process. Sergi also looked into the excitation of the chromophore. Groenhof defined a force
field for the chromophore in all photocycle states and looked both into the isomerisation
of the chromophore and the subsequent unfolding. I use his force field in this research.
In his later work,10 Groenhof forced the protonation of the chromophore with thermody-
namic integration, using the semi-empirical PM3 method to describe the chromophore and
its direct environment and classical molecular dynamics for the rest of the solvated protein
and the water. Other studies of the proton transfer treat the chromophore environment in
a very simplified environment.69, 70 On the partial unfolding of PYP after proton transfer,
Vreede et al.25 has published computational work, predicting the signalling state of the
protein. They used parallel tempering with a classical force field. Antes et al.71 studied the
protein in different states of the photocycle using classical molecular dynamics. Both pre-
sented results on the large scale fluctuations of the protein (backbone root mean squared
deviations) and quantitated the breaking of hydrogen bonds.

Experiments suggest different mechanisms and intermediates for the proton transfer.
Genick et al. state that after partial unfolding of the protein, the deprotonated chromophore
is solvated in water and takes a proton from one of the solvent molecules.29 In contrast,
Hendriks et al. conclude from their measurements that it is most likely that pCA is pro-
tonated by the proton from Glu46. At low pH values, an additional group might be in-
volved.26 In this chapter I address the question whether I can find computational evidence
to confirm one of these mechanisms.

I use different computational methods to bridge the various time and length scales in-
volved in the photocycle. The larger protein movements are modelled using force field
molecular dynamics (FFMD), whereas I use Car-Parrinello molecular dynamics (CPMD)55

for the actual reaction site. This density functional theory (DFT) method allows me to study
the electronic structure of the chromophore and its surroundings, enabling me to describe
reactions involving chemical-bond breaking ab initio. Due to computational limits, CPMD
is affordable only for restricted system size and simulation time. Recently developed tech-
niques such as the quantum mechanics/molecular mechanics (QMMM) method,32, 33 allow
me to combine FFMD and CPMD, enabling the first-principle investigation of reactions in
larger systems. In this work, I treat the reaction center of the protein with DFT and use
FFMD to describe the rest of the protein and the solvating water. With these methods I
study the phenomena involved in the protonation reaction in PYP and I discuss the re-
quirements for the proton transfer to occur.

3.2 Computational methods

To study the initial events in the transformation from the pR to the pB state in PYP, the
main region of interest is the chromophore binding pocket (consisting of pCA and the
amino acids Tyr42, Glu46, Thr50, Arg52 and Cys69). I simulated two different systems:
the relevant amino acids in vacuum and the complete protein solvated in water. For the
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former, I used CPMD; for the latter FFMD and QMMM. The Protein Data Bank (PDB)
provided me with the protein structures for FFMD and QMMM. I used 1NWZ6 as the pG
structure and 1OT97 as the pR structure; both structures have a high resolution (0.82 and
1.00 Å respectively).

For the molecular dynamics (MD) simulations, I employed Gromacs35 and Gromos36

software with the Gromos96 force field,31 adjusted with the partial charges and dihedrals
proposed by Groenhof et al.8 for the chromophore. The time step was 2 fs and a Nosé-
Hoover thermostat72, 73 with τ=0.1 ps controlled the temperature. The protein was solvated
in approximately 9000 SPC water molecules in a cubic periodic box with a box length of
66.3 and 66.6 Å for the pG and pR state respectively. Six Na+ ions counterbalanced the
negative charge of the protein. In the FFMD simulations, the LINCS74 and SETTLE75 al-
gorithms constrained the bond lengths and angles. In the QMMM simulations, SHAKE60

performed this task.
The fully quantum mechanical (QM) simulations of small systems in vacuum were

done with the CPMD software package.37 It employs the Kohn-Sham formulation of DFT,
expanding the Kohn-Sham orbitals in plane waves up to a cut-off of 70 Ry. The time evolu-
tion of the electronic degrees of freedom is calculated with an MD-like algorithm, using a
fictitious electron mass of 500 a.u. The simulations in vacuum were done with a time step
of 0.1 fs; in the protein the time step was 0.12 fs. I employed the gradient-corrected BLYP
functional49, 50 to account for the exchange correlation energy. Semilocal norm-conserving
Troullier-Martins pseudopotentials58 were used with cut-off radii of 0.26, 0.59, 0.65, 0.59
and 0.71 Å for H, N, C, O and S respectively. A Nosé-Hoover thermostat at 1500 cm−1

(≈ 22 fs) controlled the temperature. At the start of every simulation, I added 8 Å to the
largest atomic distance in each direction to determine the size of the periodic box. To avoid
rotation of the system during the QM simulations, the position of one pCA atom in the phe-
nolic ring and two coordinates of the opposite atom in the ring were constrained, fixing the
system in the box with a minimal loss of degrees of freedom (only 5). In these simulations,
the hydrogen atom mass was set to 2 a.m.u.

For the QMMM simulations,61 the electron density was fitted to D-RESP charges with a
penalty function based on the interaction with MM particles in a shell of 6.35 Å around the
quantum box. Up to 15.9 Å, the electrostatic forces between QM and MM particles were
calculated with a quadrupolar expansion. The hydrogen atoms had a mass of 1 a.m.u. here.
When the QM/MM border was in between two chemically bonded atoms, a link hydrogen
atom32 capped the QM atom. As QMMM simulations require an isolated box, I applied the
Tuckerman40 Poisson solver.

Figure 3.2 displays the system used for the QM (vacuum) calculations, and is referred
to as the chromophore binding pocket. It contains the amino acids Tyr42, Glu46, Thr50
and Cys69, which has a thioester bond with pCA. In the pG state, the phenolic oxygen of
pCA accepts a hydrogen bond from Tyr42 and Glu46; Thr50 donates a hydrogen bond to
Tyr42. Arg52 neutralized the system charge; its guanidinium group is in plane with the
phenolic ring of pCA. I included all these residues in the quantum system, truncating the
amino acids at the first C-C bond that was not part of a conjugated π system. I saturated
the dangling bonds by capping with hydrogens. In particular, Tyr42, Thr50 and Cys69
were cut between Cα and Cβ and Glu46 and Arg52 between Cγ and Cδ. The quantum
system in the QMMM simulations was very similar, but here I did not include Arg52 in the
quantum part; it was described using the force field. Next to these dynamical simulations,
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Figure 3.2: Schematic picture of the chromophore binding pocket in the pG state. The dotted lines
are hydrogen bonds. The wiggling lines show where the quantum systems ends; the system was
truncated at C-C bonds that are not part of the conjugated electron system and capped with hy-
drogens. Please note that in reality the positive charge is not localized, but spread over the entire
guanidinium group of Arg52. This group is mostly oriented parallel to the chromophore ring at a
distance of less than 4 Å.

I also performed geometry optimisations on the isolated chromophore (protonated and
deprotonated, cis and trans) with the default settings in the CPMD software.

All dynamical simulations in this chapter were done in the canonical ensemble at 300
K (unless stated otherwise). Table 3.1 gives an overview of the systems I studied and the
different simulation methods used for each system; I will refer to the different systems in
the rest of this chapter according to this table.

3.3 Results

3.3.1 Structure

For validation purposes, I performed extensive calculations verifying the structural proper-
ties of my system. Here I present only the main results; for more detailed and quantitative
information I refer to appendix A.

Figures 3.3 and 3.4 compare calculated pCA bond lengths to experimental data for pG
and pR crystal structures, respectively. My calculated bond length values are all in, or very
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Table 3.1: The different systems and simulation methods in this chapter. aSee figure 3.2. bThe
amino acids were truncated between Cα and Cβ , fixing the position of the capping hydrogen atom.
cGeometry optimisation with the default algorithm implemented in the CPMD software.37 I started
with the coordinates from the PDB structures and replaced the sulfur bridge with an OH group.
dThe proton from Glu46 is put on pCA. It stays there because the distance from the pCA oxygen to
the proton is constrained at 1 Å.

system starting point method
A pG, protein in water 1NWZ6 FFMD
B pG, protein in water system A QMMM
C pG, binding pocket in vacuuma system A QM
D pR, protein in water 1OT97 FF MD
E pR, protein in water system D QMMM
F pR, binding pocket in vacuum system D QM
G constrained binding pocket in vacuumb system D QM
H trans pCA in vacuum modified 1NWZ geo. opt.c

I cis pCA in vacuum modified 1OT9 geo. opt.c

J pR, as G, without Arg52 system D QM
K as E, proton constrained on pCAd system E QMMM
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Figure 3.3: Bond lengths of the negatively charged trans chromophore in different simulations (at
300 K) and in PDB structures. All lengths are in Å. The different lines represent the following
systems: QM of the binding pocket in vacuum (system C, straight line); QMMM (system B, broken
line); geometry optimisation of the chromophore in vacuum using CPMD (system H, dotted line);
the grey area indicates the range of X-ray diffraction measurements,7, 13–16 that have a resolution of
0.85 to 2.00 Å and are measured at temperatures from 85 K to 295 K. In the case of dynamical simu-
lations (system B and C), the values are averages over all frames. Figure 3.1 defines the numbering
of the atoms.
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Figure 3.4: Bond lengths of the negatively charged cis chromophore, in different simulations (at 300
K) and in PDB structures. All lengths are in Å. The different lines represent the following systems:
QM of binding pocket in vacuum (system F, straight line); QMMM (system E, broken line); ge-
ometry optimisation of the chromophore in vacuum using CPMD (system I, dotted line); the grey
area indicates the range of X-ray diffraction measurements,7, 12, 14, 15 that have a resolution of 1.00 to
1.90 Å and are measured at temperatures from 85 K to 287 K. In the case of dynamical simulations
(system E and F), the values are averages over all frames. Figure 3.1 defines the numbering of the
atoms.

close to, the area that is defined by the experiments. My DFT-BLYP geometry optimisations
of the isolated deprotonated trans and cis chromophore and the neutral cis chromophore
yield bond lengths that are within 0.02 Å of the values obtained in DFT-BP,11 DFT-B3LYP
and CASSCF76 calculations.

During simulations of the pG state of PYP, I studied the hydrogen bond network around
the chromophore with and without the complete protein environment using FFMD, QM
and QMMM. Table 3.2 shows the calculated time-averaged hydrogen bond lengths. My ob-
servations are qualitatively consistent with the NMR measurements,68 that show the pCA-
Glu46 and Tyr42-Thr50 hydrogen bonds existing in most but not all frames, and the pCA-
Tyr42 hydrogen bond being present in all cases. The X-ray measurements7 suggest that
in the protein crystal, the hydrogen bond network around the phenolic oxygen is rather
static, with the pCA-Glu46, pCA-Tyr42 and Tyr42-Thr50 hydrogen bonds all stable. On
average, the measured O-O distances are somewhat shorter than the ones resulting from
my dynamical FFMD simulations of the solvated protein. Note that the hydrogen bonds
to pCA in the crystal structure are extremely short.7 In the employed force field, these dis-
tances yield high Lennard-Jones energies and are therefore very unlikely to be accessed in
the FFMD simulation. Although the difference with experiment is smaller, the quantum
chemical simulations show longer hydrogen bonds as well. Still, they do give a good esti-
mate of the length ratio of the hydrogen bonds: almost all simulations show correctly that
the hydrogen bond from Tyr42 to pCA is the shorter one. Only when the QM/MM border
is placed through the hydrogen bonds, the lengths are similar.

I determined the dihedral angles of the chromophore from my QMMM simulations of
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the protein-embedded chromophore binding pocket (systems E) and from my QM simu-
lation of the binding pocket in vacuum (system F). I compared these angles to my PDB
starting structure, 1OT9, that has a flat chromophore. Figure 3.5 shows a typical chro-
mophore configuration from each of the simulations. In my simulations, the chromophore
relaxes by bending itself within a couple of picoseconds. In most crystal structures of the
pR state (1S4R, 1UWP, 1TS7, 1S1Y), the dihedral angles deviate from zero as well, but with
very different magnitudes and directions. In my simulations, the direction of curvature is
determined by the possibility to form stabilising hydrogen bonds, most often with Arg52.

3.3.2 Protonation of pR

My particular interest is in the proton transfer to pCA. I will first discuss it using a QM
model system of the cis chromophore in the binding pocket in vacuum. I will compare
the simplified results to those from QMMM simulations of the protein-embedded pocket.
FFMD simulations provide further insight.

Binding pocket in vacuum

In the QM simulation of the isolated binding pocket (system F), the initial configuration -
taken from the pR state - changes within 1 ps. Arg52 rotates in the plane parallel to the
chromophore ring and moves towards Glu46 forming a stable hydrogen bond (figure 3.6).
The other hydrogen bonds in the binding pocket remain intact. Figure 3.7 shows the subse-
quent time evolution of the distances between the proton and the Glu46 and pCA oxygen
respectively. It is representative for all QM simulations of the chromophore binding pocket
that I performed. The figure shows that there is frequent proton transfer between the pCA
and the Glu46 oxygen. Within 8 ps, the proton transfers more than 10 times. The proton
is always chemically bonded to one oxygen and hydrogen bonded to the other. The fre-
quent proton transfer allows for the estimation of the associated free energy profile from
the probability distribution of a proton transfer reaction coordinate.34 Figure 3.8 shows the
free energy profile as a function of the asymmetric stretch (the difference of the two OH
distances), computed from three independent QM simulations of the chromophore bind-
ing pocket of 19.7 ps in total. The barrier has a height of around 2.5 kBT and the free energy
difference between the two protonation states is 0.5 kBT . The proton is on pCA roughly
one third of the time.

Arg52 also hydrogen bonds to the pCA carbonylic oxygen. To accommodate its two
hydrogen bonds (to Glu46 and to Arg52), the chromophore has to bend itself, as can be
clearly seen in figure 3.5. Figure 3.6 shows a snapshot where Glu46 and pCA accept one
hydrogen bond each from the same NH2 group. During the simulation, the two hydrogen
bonds were donated by different NH2 groups as well. Furthermore, Glu46 often received
two hydrogen bonds on the same oxygen, from different NH2 groups (next to the hydro-
gen bond from pCA on the other oxygen). In the isolated binding pocket, proton transfer
from Glu46 to pCA is relatively easy, as the negative charge on Glu46 can be stabilised by
Arg52. Within the confinement of the protein, this stabilisation is not likely. Although this
provides a free energy barrier and proton transfer frequency that is not representative for
the protein-embedded binding pocket, it does provide information on what conditions are
important for the protonation reaction.
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Figure 3.5: The chromophore from PDB structure 1OT9 (bottom), from the QMMM simulation
(middle, white) and from the QM simulation of the isolated binding pocket (top, grey). The phenolic
rings are fitted on top of each other. The simulated structures are snapshots from the trajectories; this
figure shows the snapshot with the dihedral angles closest to the average values. The X-ray structure
is almost flat. In the dynamical simulations, the carbonylic oxygen often accepts a hydrogen bond
from Arg52. To do this, it must bend upwards. As the Cβ next to sulfur in the QM simulation is
not constrained, it may point in any direction.

Figure 3.6: Hydrogen bond network in a QM vacuum simulation with a protonated chromophore.
The main difference with the pG state is that Arg52 hydrogen bonds to the carbonylic oxygen of
pCA and to Glu46.
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Figure 3.7: The distance between the proton and the Glu46 oxygen (solid line) and between the
proton and the pCA oxygen (broken line) as a function of the simulation time. The two lines show
the running average over ten data points for better visibility.
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Figure 3.8: The free energy of protonation in the QM vacuum simulations as a function of the
asymmetric stretch. The asymmetric stretch is 0 when the proton is exactly in between the two
oxygen atoms (one from Glu46 and the other the phenolic oxygen of pCA), around -1 when the
proton is on Glu46 and around 1 when the proton is on pCA.
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To model the confinement of the binding pocket by the protein environment, I per-
formed a 7-ps QM simulation of a “confined” isolated chromophore binding pocket with
the capping hydrogens on fixed positions (system G). The system is larger than the one
presented in figure 3.2, since all amino acids are now truncated between Cα and Cβ , in-
cluding the ‘tail’ of Glu46 and Arg52 in the system. In contrast to the simulation of the
“free” isolated binding pocket, no proton transfer occurs, indicating a significantly higher
barrier for protonation. Also, a “free” QM simulation of a slightly different system, with-
out Arg52 (system J), does not show the protonation reaction. In both cases, the hydrogen
bond between Arg52 and Glu46 cannot be formed. As in the latter simulation the hydro-
gen bond of Arg52 to the carbonylic oxygen of pCA is not present either, the chromophore
tail is much flatter in this case. It seems that the stabilisation of Glu46 is a prerequisite for
proton transfer in this model system in vacuum.

Protein-embedded binding pocket

A 14-ps QMMM simulation of the protein-embedded cis chromophore (pR state, system
E) shows no occurrence of spontaneous proton transfer. There is also no onset of proton
transfer: the proton to pCA distance is never smaller than 1.32 Å. To further investigate
possible pathways of proton transfer, I manually transferred the proton from Glu46 to pCA
and constrained it to remain at a distance of 1.00 Å from the phenolic oxygen (system K). In
the initial 3 ps of the simulation, the Thr50-Tyr42 hydrogen bond breaks and Thr50 forms
a stable hydrogen bond with the deprotonated Glu46 (see figure 3.9). After formation
of this new hydrogen bond, it does not break during the entire simulation. Its length is
2.80 ± 0.32 Å. The Arg52 residue moves in the direction of Glu46, but it does not form
any stable, lasting, hydrogen bonds. It switches between Tyr42, Glu46 and Thr50, that all
seem to compete for this hydrogen bond donor. Over the entire timespan of this QMMM
simulation (11 ps), the constraint force shows that the new OH bond was unstable. Every
1.2 ps a snapshot was taken from this QMMM trajectory to start a new unconstrained
simulation. Indeed, even after 11 ps of relaxation, the proton moves back to Glu46 within
a picosecond after releasing the constraint. Apparently, adjustment to the new protonation
state is much more difficult in the confining protein environment than in the “free” isolated
binding pocket.

Comparison of the simulations of the “free” binding pocket, the “confined” binding
pocket, and the full protein-embedded system, shows that the most relevant difference is
the motion of Arg52. Fixation of Arg52 to the protein backbone restricts the motion of
Arg52 and prohibits it from reaching Glu46 and forming a stable, strong hydrogen bond.
This hydrogen bond provides stabilisation of the negative charge on Glu46 and enables
the relatively frequent proton transfer observed in the simulation of the “free” binding
pocket. The stabilisation by only Thr50, that I see in the protein-embedded system, is
apparently not sufficient. Although the large movements of Arg52 observed in my gas
phase simulations might be prevented by steric constraints in the protein environment,
I have shown that a displacement of this residue can significantly lower the barrier for
proton transfer to the chromophore.
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Stabilisation by hydrogen bond rearrangement

To obtain further insight in possible mechanism of proton transfer and charge stabilisation,
I studied the protein-embedded chromophore for much longer timescales with FFMD sim-
ulations. Initial configurations for these simulations were nine different snapshots of the
FFMD simulation of the pR state (system D); in each configuration I manually moved the
proton from Glu46 to pCA. In all these simulations, the hydrogen bond network changes
within a few picoseconds to a configuration with Glu46 accepting up to four hydrogen
bonds (i.e. the maximum amount, two on each oxygen) from pCA, Tyr42, Thr50, the back-
bone nitrogen of Thr50, and, in a later stage, Arg52. During 100 ps of sampling, hydrogen
bonds break and (re)form, but most of the time Glu46 accepts four. Figure 3.10 shows a typ-
ical snapshot. To verify the stability of these configurations within the QMMM setup, sev-
eral of the FFMD configurations were taken as starting points for unconstrained QMMM
simulations. In these simulations, the proton stays on the chromophore and no proton
transfer occurs. When the proton is put back on Glu46, it returns to the chromophore
within a picosecond. This shows that the state with the negative charge on Glu46 is now
stable in the QMMM setup. I also took eight intermediate states from the FFMD simu-
lations to check their stability in a QMMM simulation. They show that three hydrogen
bonds (from pCA and two from Thr50 in general) are sufficient: the proton remains on
pCA. When Glu46 receives on average two hydrogen bonds during the QMMM simula-
tion, it takes the proton back from pCA within a picosecond. The FFMD simulations show a
fluctuating number of hydrogen bonds in the first tens of picoseconds, until the stable new
protonation state is reached (with on average more than three hydrogen bonds to Glu46).
This means that an intermediate state after 2 ps can be stable (three hydrogen bonds), while
10 ps later it can be unstable again. It is noteworthy that in these early stages after shifting
the negative charge from pCA to Glu46, the protein stabilises itself by internal rearrange-
ment of hydrogen bonds. This makes it plausible that indeed the negatively-charged Glu46
is one of the driving forces for the structural rearrangement that leads to pB; hence, that the
chromophore is protonated before being solvated. Still, my computationally very expen-
sive methods did not provide the vast number of trajectories one would like to substantiate
this line of reasoning.

In system F, the binding pocket in vacuum after isomerisation, Arg52 can donate a hy-
drogen bond to the pCA carbonylic oxygen while staying in plane with the ring. This does
not happen in the pG simulation. In the pR state, the dihedral angles in the chromophore
tail fluctuate more than in the pG state. By bending its tail a bit towards Arg52, the chro-
mophore can form a very stable hydrogen bond that hardly ever breaks. The same applies
to Glu46: as soon as a hydrogen bond with any of the Arg52 NH groups has formed, this
very stable bond only breaks to be immediately replaced by a bond with another NH group
of the same molecule. When restrained by the protein environment, other hydrogen bond
donors have to stabilise Glu46, although these have to break free from their original hy-
drogen bond acceptors first. The FFMD simulation of the protonated chromophore show a
more rapid hydrogen bond rearrangement than the QMMM simulations. Apparently this
hydrogen bond switching is more easily accomplished within the Gromos96 force field
than when the forces are determined by quantum calculations. As DFT is more precise in
describing hydrogen bond interactions, this might indicate that the description of the po-
tential energy surface of the hydrogen bond network by the force field is not sufficiently
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Figure 3.9: Hydrogen bond network in the QMMM simulation after manual protonation of the
chromophore in the pR state. The OH bond is constrained. This is a snapshot taken 11 ps after the
protonation. Glu46 is only stabilised by two hydrogen bonds: the one with pCA that was already
present before protonation; a new one is formed with Thr50, that donated a hydrogen bond to Tyr42
before.

Figure 3.10: The hydrogen bond network in the FFMD simulation after manual protonation of the
chromophore in the pR state. This is a snapshot at 1.2 ps after the protonation. Glu46 is stabilised
by four hydrogen bonds. Please note that this figure also shows the backbone atoms of Thr50, as the
backbone nitrogen is now donating a hydrogen bond to Glu46. To do this, Thr50 has moved away
from Tyr42, to the right.
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accurate. Other simulation studies of PYP with a protonated cis chromophore used the
same force field;9, 25, 71 the dynamics of the hydrogen bonds after protonation have not
been studied before in a QMMM setup.

The simulations described above elucidate the factors that stabilise either of the two
protonation states of the chromophore in PYP. A stable protonation product requires the
accommodation of the negative charge on Glu46. In all pR simulations and X-ray struc-
tures, a very hydrophobic environment surrounds Glu46. The OH bond points towards
the chromophore, but the other oxygen points into a ‘void’ with the nearest amino acids at
considerable distance. Hydrogen bond donating groups that can help to stabilise the neg-
ative charge are not readily available. Therefore, the stabilisation has to be accomplished
by hydrogen bond rearrangements in- and outside the chromophore binding pocket.

3.4 Discussion and conclusions

In this chapter I report force field MD, QM and QMMM simulation studies on the proton
transfer in the photocycle of PYP. I have shown that the direct environment of the proton is
highly important for this reaction. If the surrounding residues can adjust rapidly and with-
out constraints to stabilise the new protonation state, frequent transfer occurs, as in my gas
phase models. QM simulations of the chromophore binding pocket in vacuum show pro-
ton transfer between Glu46 and pCA more than 10 times within 8 ps. The estimated barrier
for this reaction is 2.5 kBT . However, in QMMM simulations including the protein envi-
ronment, protonation does not occur within accessible simulation times. The chromophore
binding pocket cannot adjust its configuration to the new state fast enough, because the
protein backbone restrains its movement. As the simulations of the binding pocket in vac-
uum do not include the full system, the estimated barrier is significantly lower than the
one inside the protein. Still, this simulation gives us a good indication of which conditions
lower this protonation barrier.

I argue that it is the stabilisation of the charge on Glu46 after protonation that is im-
portant: both Glu46 oxygens need to accept hydrogen bonds to accommodate the charge
in the hydrophobic protein environment. In the QM vacuum system, an ionic hydrogen
bond from Arg52, plus the hydrogen bond with pCA, suffices. In my QMMM simulations,
Arg52 is not flexible enough to form a stable hydrogen bond to Glu46 quickly. Only Thr50
switches its hydrogen bond from Tyr42 to Glu46 after manual protonation of the chro-
mophore. FFMD simulations show that other hydrogen bond donors switch from their
original acceptor to Glu46 as well. When both Glu46 oxygens accept together at least three
hydrogen bonds, the new protonation state is stable. All hydrogen bonds are made avail-
able by structural changes: the internal rearrangement of protein hydrogen bonds. QMMM
simulations proved that this new conformation is stable on a picosecond timescale. This
structure could be an intermediate in the PYP photocycle. These two results are an indi-
cation that partial unfolding and solvation of the chromophore and Glu46 take place only
after the proton transfer.

The question remains what happens first: is the hydrogen bond rearrangement caused
by the proton transfer, or do the hydrogen bonds have to rearrange (partly) before the
proton hops over to pCA? And if the latter is true, in what order and how do the bonds
rearrange? To answer these questions, further extensive dynamical quantum chemical
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simulations are necessary using techniques to stimulate the reactive process. In the next
chapters, I zoom in on the hydrogen bonding of water around pCA and Glu in different
protonation states. Chapter 6 contains results of more QMMM simulations on PYP, using
metadynamics to study the proton transfer and hydrogen bond changes within accessible
time scales.


